Ground reaction force (GRF) in sit-to-stand (STS) movement is used mainly for evaluating lower extremity muscle strength. We attempted to evaluate not only lower extremity muscle strength, but also balance ability from GRF in STS movement. This study aimed to investigate the relationship between GRF variables, including composite variables, which are the combination of parameters representing lower extremity muscle strength and balance ability, and mobility limitation and falls. This study included 381 community-dwelling older adults (73.8 ± 5.3 years; 45.9% men). We measured the maximal rate of force development over 87.5 ms/body weight (RFD8.75/w) and peak reaction force/body weight (F/w) to evaluate lower extremity muscle strength. We also measured lateral load sway divided by the change in vertical load/second (vx/vw) to evaluate balance ability. We then created composite variables of these variables. To perform logistic regression analysis separated by gender, three groups based on the tertile of each variable were used. Composite variables that comprised the Rv score, which was the combination of RFD8.75/w and vx/vw, and Fv scores, which combined F/w and vx/vw, were especially effective for evaluating the risk of mobility limitation in both genders. In evaluating the fall risk, the Rv and Fv scores of the poor group in women only showed significantly higher odds ratios of 2.74 (95% CI: 1.21 -6.20) and 3.02 (95% CI: 1.31 -6.96), respectively. These results suggest that the composite variables, Rv and Fv scores, are superior for evaluating risks of mobility limitation and falls, rather than each single variable.
Introduction
Age-related decline in muscle strength is inevitable and is especially observed in the lower extremities 1) . A reduction in lower extremity muscle strength leads to the onset of mobility limitation and occurrence of falls [2] [3] [4] . These occurrences become a trigger of further deterioration in health. Mobility limitation contributes to the diminution of well-being in old age 5) . In Japan, bone fractures or falls account for 10.2% of older adults who require help or long-term care 6) . Therefore, lower extremity muscle strength in older adults is an important index for indicating health status.
Previous studies have reported that using a force plate to obtain ground reaction force (GRF) from sit-to-stand (STS) movement is effective for evaluating lower extremity muscle strength and power compared with the fivetimes STS test 7) . Older adults with mobility limitation or who experienced falls in the past year show low GRF 8) .
Extracting GRF, which is able to evaluate balance ability from STS movement, might be possible because STS movement is required for balance ability 9, 10) , as well as for lower extremity muscle strength. Although previous studies have established an association between GRF and lower extremity muscle strength 7, 8, 11) , these studies did not focus on balance ability during STS movement. Multiple variables of impairment of lower extremity function are appropriate indices rather than focusing on single impairment of a given function 3, 12) .
Therefore, we hypothesized that the combination of two GRF variables, one variable representing lower extremity muscle strength and another representing balance ability, might be useful for increasing the accuracy of evaluating the risks of mobility limitation and falls. The purpose of this study was to investigate the relationships between GRF variables, including composite variables, and mobility limitation and falls. *Correspondence: s1530485@u.tsukuba.ac.jp
Materials and Methods

Participants
We conducted a cohort study called the Kasama Health Checkup for Longevity in the city of Kasama, Ibaraki Prefecture, Japan, between 2009 and 2015. Annual random sampling and follow-up of participants was conducted every July or August from 2009 to 2012, and included persons aged 65 -85 years, in the first survey (2009), living in Kasama. The 2013 survey comprised only follow-up of participants. And, the 2014 survey added older adults who were suspected of having physical frailty and cognitive decline based on the Kihon Checklist 13) . The 2015 survey consisted of follow-up of participants and random sampling in those aged 65 -69 years. Additionally, non-random sampling, such as participants with an exercise intervention, was included every year. The exclusion criterion of this cohort study was that older adults did not receive long-term care insurance. The data for this cross-sectional study were acquired from 2013 to 2015 since the data collection for this study started in 2013. A total of 754 older adults participated in the surveys conducted in 2013, 2014, and 2015 (n = 278, 198, and 278, respectively). We excluded participants who could not stand up from a chair with arms folded over their chests, those who had missing data on falls in the past year or on mobility limitations, or those who were younger than 65 years. We used data that were obtained the first time if participants took part in this cohort study two or more times during the study period. The final sample, which included non-random sampling, was 381 (73.8 ± 5.3 years; 45.9% men). The present study was approved by the Ethical Committee of the University of Tsukuba (Ref No., Tai 21-25 and Tai 26-31). All participants gave their written consent after they received an explanation of the study.
Measurements
We used the chair stand test to evaluate lower extremity strength and balance ability. A questionnaire form was used to examine mobility limitation, fall history, demographic data, low back pain, and knee pain.
Chair stand test
The chair stand test was performed to obtain variables of GRF and the center of pressure. These variables were measured by a weight scale with a built-in force plate (BM-220; TANITA Co., Ltd. Tokyo, Japan). Participants sat on the edge of a chair with arms folded over their chests. The weight scale was placed in front of the chair and participants put their legs on the scale (Fig. 1 ). Foot breadth was approximately participant shoulder width. The participants were required to stand up from the chair as fast as possible. They then rested for approximately 2 seconds and sat down again. Participants performed three trials in succession with an interval of approximately 2 seconds 7) . Previous studies 7, 8, 11) reported that two variables obtained from STS movement had good validity as follows: 1) the maximal rate of force development (RFD) over 87.5 ms divided by body weight (RFD8.75/w); and 2) the peak reaction force divided by body weight (F/w). These variables have a significant relationship to knee extension and flexion power and good reliability (Intraclass correlation coefficients: ICC > 0.70) 8) . We used the highest RFD8.75/w and F/w scores from three trials for analysis. Lateral load sway per second was calculated from the point of the peak reaction force to gaining a steady standing posture. We determined that a steady standing posture was achieved when the load on the weight scale was matched to weight (i.e., when body movement was absent). Participants who stand up rapidly appear to show poor balance ability because the lateral load sway (vx) is calculated based on absolute load. Therefore, we defined balance ability (vx/vw) as the lateral load sway (vx) divided by the change in vertical load (vw) per second when the highest RFD8.75/w was recorded. We have confirmed that the correlation between vx/vw and timed up and go 14) , evaluation of dynamic balance, was 0.53 -0.57. Furthermore, ICC was > 0.70 in both genders. A high score of vx/vw indicates poor balance.
Mobility limitation and fall history
We defined participants who met at least one or more of the following criteria as having a mobility limitation according to previous studies 4,15) : 1) difficulty or inability to climb 10 steps without holding on to a railing or touching a wall, 2) difficulty or inability to stand up from a chair (sitting position) without touching anything, and 3) diffi- Fig. 1 Starting posture of the chair stand test culty or inability to walk for 15 minutes without a break. The fall history and mobility limitation were examined by using a questionnaire form. In this study, a "fall" was defined as "unintentionally coming to the ground or some lower level other than as a consequence of sustaining a violent blow, loss of consciousness, or sudden onset of paralysis as in a stroke or an epileptic seizure" 16) . Participants were asked whether they had a history of falls in the past year when they took part in the health checkup of this study.
Statistical analysis
We used principal component analysis separated by gender to create composite variables. These variables were created as follows. (1) The combination of RFD8.75/w and vx/vw was called the Rv score. (2) The combination of F/w and vx/vw was called the Fv score. (3) The combination of RFD8.75/w, F/w, and vx/vw was called the RFv score. To calculate odds ratios (ORs) and 95% confidence intervals (CIs) of the risks of mobility limitation and falls, logistic regression analysis separated by gender was performed with three models as follows. In the crude model (Model 1), GRF, vx/vw, and composite variables were entered separately and divided by three groups based on the tertile of each variable (i.e., good, normal, and poor) as independent variables. In Model 2, each variable was entered as an independent variable and age was a covariate. Moreover, when entering RFD8.75/w and F/w as independent variables, vx/vw was added as a covariate, and when entering vx/vw, RFD8.75/w was added as a covariate. In Model 3, we added low back pain and knee pain as covariates to Model 2.
To examine gender differences in demographic data, we performed the independent t test for continuous variables and the chi-square test for categorical variables. Analysis of variance and the chi-square test were used to compare groups based on variables obtained from the chair stand test, and multiple comparisons adjusted by Bonferroni correction were also used. The significance level was set at P < 0.05 in all of the analyses. The statistical analyses were performed using IBM SPSS Statistics for Windows, Version 21.0 (IBM Corp., Armonk, NY, USA). Table 1 shows the characteristics of the participants. Significant gender differences in demographic data were observed for age (men: 74.9 ± 5.7 years, women: 72.9 ± 4.8 years), height (men: 163.1 ± 6.0 cm, women: 150.1 ± 5.3 cm), weight (men: 61.6 ± 8.6 kg, women: 51.2 ± 7.6 kg), and knee pain (men: 8.0%, women: 21.8%) (P < 0.001). The prevalence ratios of mobility limitation were 27.7% in women and 22.3% in men, and those having a fall history were 26.2% in women and 18.3% in men. There were no significant gender differences in these comparisons.
Results
Characteristics of the participants
The results of principal component analysis are shown in Table 2 . In all variables, the first principal component was greater than 0.70 and the percent variance was over 70%. Descriptive data of age, body mass index, and the ratios of mobility limitation and having a fall history in relation to the measured variables are shown in Tables 3  and 4 . In both genders, the poor group had a significantly higher ratio of mobility limitation than did the good and normal groups for all measured variables, whereas the ratio of a fall history was not significantly different for any measured variables.
Measured variables and mobility limitation
Most variables showed significant ORs, especially in the poor group ( 
Measured variables and fall history
None of the measured variables showed significant ORs in men (Table 6 ). In contrast, in women, the Rv and Fv scores of the poor group showed significantly higher ORs compared to the good group in Model 1. We obtained similar results if covariates were entered. The ORs in Model 3 for the Rv and Fv scores were 2.74 (95% CI: 1.21 -6.20) and 3.02 (95% CI: 1.31 -6.96), respectively.
Discussion
This study examined the validity of variables obtained from GRF while performing STS movement for evaluating the risks of mobility limitation and falls in community-dwelling older adults. Previous studies 8, 17) have shown that uncombined variables obtained from GRF in STS movement show poorer values in older adults with mobility limitation or a fall history than those without these negative consequences. The present study suggests that lower extremity muscular and balance function may be superior for evaluating these risks rather than using each single variable.
Mobility limitation risk and GRF variables
In our study, among men, all variables in the crude model showed significant ORs, and statistical significance of RFD8.75/w, as well as the Rv, Fv, and RFv scores, was maintained in Model 2. For women, regardless of the measured variables, the poor group showed significantly higher ORs. Our results suggest that the relationship between lower extremity muscle strength and mobility limitation is strong. Loss of knee extension strength is a predictive factor of mobility limitation 18) . Stenholm et al. 19) found that, as well as aging, weak ankle dorsiflexion strength increased the hazard ratio of mobility limitation relative to lower hip flexion range of motion or the presence of primitive reflexes. In addition, RFD8.75/w and F/ w correlate with knee extension power (r = 0.26 -0.51) and ankle dorsiflexion power (r = 0.38 -0.49) as evaluated by isokinetic dynamometer 7) . These correlation coefficients were higher than those of the five-times STS test. Our results that show the effectiveness of using GRF to predict mobility limitation is consistent with these previous reports.
Mobility limitation is determined by balance ability, similar to muscle strength 10) . An example of this situation is that the distance of a 6-minute walk, one of the mobility capability tests, is affected by lower extremity strength and balance ability 20) . Therefore, a composite variable of muscle strength and dynamic balance ability, such as the Rv and Fv scores, is likely to be more effective for calculating the risk of mobility limitation than only RFD8.75/ w or vx/vw.
Fall risk and GRF variables
Although none of the measured variables showed significant ORs in men, only the Rv and Fv scores in women in the poor group showed significantly higher ORs compared to the good group. Model 3, which was the fully adjusted model, had similar results as the crude model. Muscle weakness increases the risk of falls 21) , and women's muscle strength is generally weaker than men's. However, only evaluation of muscle strength might be ineffective to predict fall because RFD8. 75 to increase the accuracy of fall risk evaluation 12) . Rv and Fv scores include both muscle strength and balance ability factors. Consequently, the efficacy of the Rv and Fv scores for fall risk evaluation was observed, especially in women. These results suggest that the Rv and Fv scores are effective for older adults with poor muscle strength in evaluating fall risk. The Rv and Fv scores were a composite variable of muscle strength and balance ability. Similar to muscle weakness, a balance deficit is the major factor of raising the relative risk of falls 2) . The Rv and Fv scores showed significant ORs, but single variables did not. Therefore, a composite of lower extremity muscle strength and balance ability might be more accurate for evaluating the fall risk. STS movement requires not only lower extremity muscle function, but also balance ability 10) . Considering that STS movement involves trunk flexion to knee full extension, muscle strength is required particularly in the first half of STS movement. Additionally, balance ability is required in the second half of STS movement 22) . RFD8.75/w and F/ w obtained from the first half of STS movement are associated with lower extremity muscle function 7, 11) . However, vx/vw, which is used as an index of balance ability, is calculated from the second half of STS movement. Cheng used in the present study were evaluated by a portable weight scale with a built-in force plate where the participants could stand up from a chair at least one time with arms folded over their chests. Taking into consideration that older adults can usually only stand up from a chair two or three times, this method may be widely applied in a community setting. However, there are several limitations in establishing the validity of the recommended variables of the Rv and Fv scores. First, the design of this study was cross-sectional. A previous longitudinal study recommended the five-times STS test for predicting mobility limitation in older adults 23) , but was inefficient for et al. 17) reported that the time taken to stabilize the load in STS movement was an effective index for discriminating the variables between older adults with and without a fall history. Therefore, the Rv and Fv scores, composite variables of RFD8.75/w or F/w and vx/vw, are considered effective variables for calculating the fall risk.
Strengths and limitations
To the best of our knowledge, this is the first study to evaluate the risks of mobility limitation and falls by calculating a lower extremity muscular and balance function composite variable obtained from GRF in STS. Variables 265 JPFSM : Composite variable of lower extremity muscle strength and balance ability predicting falls 24) . Slight changes in physical function are difficult to measure in a timed performance 25) . Conversely, a sensor-based test can accurately measure changes in physical function 26) . For these reasons, a sensor-based test may be a more sensitive evaluation method and have a stronger predictive capability than the five-times STS test. Therefore, the Rv and Fv scores, evaluated by a force plate, might be similarly effective in longitudinal studies as with cross-sectional studies. However, a longitudinal design is needed in future studies. Second, the model of logistic regression analysis did not include some factors associated with falls or mobility limitation, such as cognitive function or depression 2) . Rv and Fv scores were especially effective in evaluating mobility limitation, but not falls. Factors that were not adjusted for in our model might have affected the association with falls. Third, we could not determine the most effective variables for predicting falls or mobility limitation because the Rv and Fv scores showed similar trends. We consider that either the Rv score or the Fv score may be useful.
Conclusions
A composite variable comprising a variable reflecting lower extremity muscle strength and the parameter of balance ability obtained from GRF during STS movement could be an effective index for evaluating the risk of mobility limitation in community-dwelling older adults. However, this composite variable is effective for evaluating the fall risk in women, but not in men.
